The effect of changes in the substituent at the 5'-position of pyridoxal 5'-phosphate on the coenzymatic activity of six analogues of this coenzyme was determined for three bacterial enzymes. Pyridoxal 5'-sulfate showed substantial coenzymatic activity for arginine decarboxylase and tryptophanase, but not for D-serine dehydratase; a5-pyridoxalmethylphosphonate showed substantial activity for D-serine dehydratase, but not for the other two enzymes. These results demonstrate that neither the dianionic phosphate group nor the ester oxygen of pyridoxal 5'-phosphate is a general requirement for coenzymatic activity. Minor variations in orientation and charge of the group at position 5 exert major effects on the capacity for complex formation between analogue and apoenzyme, and on the catalytic efficiency of the resulting complex, but have comparatively little effect on the substrate affinity of the analogue-apoenzyme complexes. These effects show no general pattern from enzyme to enzyme, and do not correlate with the affinity of analogue for apoenzyme under the conditions tested.
Knowledge of the effect of variations in structure on the coenzymatic activity of pyridoxal-P* is of obvious relevance in assessing the importance of individual functional groups of the coenzyme for combination with various apoenzymes and for catalytic activity. This topic has been the subject of a recent review (1) , and of several more recent publications (2) (3) (4) (5) . For every apoenzyme so far studied, analogues of pyridoxal-P with an uncharged or a singly charged anionic group replacing the 5'-phosphate group have been either inactive or have shown only negligible activity as substitutes for pyridoxal-P. A particularly interesting analogue in this connection is pyridoxal 5'-sulfate (6) , which has a single strongly acidic ionizable hydrogen on the esterified sulfate group, but is sterically closely similar to pyridoxal 5'-phosphate. The bond angles and distances of phosphate and sulfate are similar (7) , the bond lengths differing by only 0.03 A. Despite this similarity, pyridoxal 5'-sulfate does not replace pyridoxal 5'-phosphate as a coenzyme for any of the apoenzymes that were tested (8) (9) (10) . One possible explanation of this result is that the reversible secondary ionization of the esterified phosphate group (pK about 6.2) plays a role in catalysis, e.g., as a proton donor or acceptor (see refs. 5 and 11). Alternatively, binding of coenzyme to apoenzyme through both phosphate oxygens might be necessary to produce a catalytically competent conformation in the holoenzyme (1, 4) . Additional observations that shed light on these possibilities would be useful. We compare here the effectiveness of pyridoxal-P, pyridoxal 5'-sulfate, and five related compounds as coenzymes for three bacterial enzymes, arginine decarboxylase (EC 4. 
MATERIALS AND METHODS
The purification of arginine decarboxylase (12) , D-serine dehydratase (13) , and tryptophanase (14) (15) (16) , their conversion to their respective apoproteins, and assay of their enzymatic activities were performed as described in the cited references. Assays were performed at the pH optima of each enzyme; in this connection it should be noted that D-serine dehydratase (17) and tryptophanase (14) (Table 2) . These results, although expected by analogy with those in nonenzymatic model systems (23, 24) , differ from the results in previously stu(Iied enzymatic systems, where these compounds Table 2 . (a) The presence of a negatively charged substituent at or near the position occupied by the phosphate group of pyridoxal-P is not sufficient to yield a tightly binding coenzyme analogue. This observation is strikingly illustrated by comparison of the affinities of pyridoxal-P and analogues III, V, VI, and VII for the three apoenzymes studied here. For example, while analogue III (PL-5'-CH,-P03) binds to D-serine apodehydratase about one-tenth as well as pyridoxal-P, it does not bind at all (as assessed by competition studies) to arginine apodecarboxylase or to apotryptophanase. Similarly, analogues V and VI (PL-5'-OP-(CH3)0-and PLS) bind much more firmly to D-serine apodehydratase than to arginine apodecarboxylase, and bind least firmly to apotryptophanase. Pyridoxal 5'-sulfate does not bind at all to apophosphorylase (9) or to j0-aspartate apodecarboxylase (10). (b) Among those analogues that bind, changes in the substituent at the 5'-position of pyridoxal-P markedly affect the maximal velocity of the enzymatic reactions studied; these effects are not the same from one enzyme to another, nor do they correlate with the affinity of the apoenzyme for the analogue. For example, the affinity of pyridoxal 5'-sulfate (analogue VI) is closely similar to that of pyridoxal-P for D-serine apodehydratase but is only 0.05 that of pyridoxal-P for arginine apodecarboxylase and 0.002 that of pyridoxal-P for apotryptophanase, yet pyridoxal sulfate produces an enzymatically active complex only with the latter two apoenzymes. Although avid binding obviously contributes to efficiency in coenzyme utilization, there appears from these results to be no correlation between tightness of coenzyme binding and catalytic efficiency of the resulting holoenzyme. This conclusion is similar to that reported (22) for analogues of pyridoxal-P modified in the 2-position; however, in the cases reported here the differences in the response of different apoenzymes toward a given analogue are much more marked. 175 times for arginine decarboxylase, 10 times for tryptophanase, and is unchanged for D-serine dehydratase, as compared with the corresponding value for pyridoxal-P. We interpret these observations to mean that the conformation of the substrate-binding site of the holoenzyme is relatively insensitive to variations at the 5'-position of pyridoxal-P, within the limits tested here. This insensitivity is in marked contrast to the unusual sensitivity of the K,,, and Vmax values to small alterations in the orientation and charge distribution at the position of this phosphate group. The extent of this sensitivity is remarkably illustrated by the variation in response of these enzymes upon reconstitution with pyridoxal 5'-sulfate (compound VI) which, as noted earlier, is sterically very similar to pyridoxal-P.
Spectral interactions of apoenzymes with the coenzyme analogues
The great variations in the interaction of these three apoenzymes with the tested analogues and the pronounced differences in catalytic activity of the resulting analogue holoenzymes prompted us to examine the spectral properties of the latter complexes. All analogues that were bound to the apoenzymes, as shown by activity measurements or by their ability to compete with pyridoxal-P, also underwent a spectral shift to longer wavelengths similar to that observed upon binding of pyridoxal-P ( Table 3 ), indicating that a Schiff's base linkage between the apoenzyme and analogue is formed in each case. In the absence of detailed model studies it is not possible to comment upon the significance of the variable magnitude of this shift when a given analogue (e.g., compounds V and VI) combines with different apoenzymes. There is little or no correlation, however, between the position of the absorption maximum and the catalytic activity of the analogue-apoenzyme complex.
